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Background: Tetrahydrobiopterin serves as the cofactor
for enzymes involved in neurotransmitter biosynthesis
and as a regulatory factor in immune cell proliferation
and the biosynthesis of melanin. The biosynthetic path-
way to tetrahydrobiopterin consists of three steps starting
from GTP. The initial reaction is catalyzed by GTP
cyclohydrolase I (GTP-CH-I) and involves the chemi-
cally complex transformation of the purine into the
pterin ring system.
Results: The crystal structure of the Escherichia coli
GTP-CH-I was solved by single isomorphous replace-
ment and molecular averaging at 3.0 A resolution. The
functional enzyme is a homodecameric complex with D.
symmetry, forming a torus with dimensions 65 A x 100 A.
The pentameric subunits are constructed via an unprece-
dented cyclic arrangement of the four-stranded antiparallel
[3-sheets of the five monomers to form a 20-stranded
antiparallel [3-barrel of 35 A diameter. Two pentamers are
tightly associated by intercalation of two antiparallel helix
pairs positioned close to the subunit N termini. The
C-terminal domain of the GTP-CH-I monomer is topo-
logically identical to a subunit of the homohexameric
6-pyruvoyl tetrahydropterin synthase, the enzyme catalyz-
ing the second step in tetrahydrobiopterin biosynthesis.
Conclusions: The active site of GTP-CH-I is located at
the interface of three subunits. It represents a novel
GTP-binding site, distinct from the one found in G pro-
teins, with a catalytic apparatus that suggests involvement
of histidines and, possibly, a cystine in the unusual reac-
tion mechanism. Despite the lack of significant sequence
homology between GTP-CH-I and 6-pyruvoyl tetrahy-
dropterin synthase, the two proteins, which catalyze con-
secutive steps in tetrahydrobiopterin biosynthesis, share a
common subunit fold and oligomerization mode. In addi-
tion, the active centres have an identical acceptor site for
the 2-amino-4-oxo pyrimidine moiety of their substrates
which suggests an evolutionarily conserved protein fold
designed for pterin biosynthesis.
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Introduction
GTP cyclohydrolase I (E.C. 3.5.4.16) (GTP-CH-I) cat-
alyzes the initial step in the biosynthesis of various
pteridines such as skin and eye pigments, methanopterin,
folic acid and tetrahydrobiopterin (BH 4) in a wide vari-
ety of organisms [1]. As a cofactor for the aromatic
amino acid hydroxylases and nitric oxide synthase, BH4 is
involved in neurotransmitter biosynthesis [2-4]. Its syn-
thesis is correlated with cytokine-mediated T-lympho-
cyte proliferation [5] and it is an essential regulator in
melanin biosynthesis in epidermal tissue [6].
A variety of neuronal disorders are associated with altered
levels of BH 4, including depression [7], Alzheimer's [8]
and Parkinson's [9] diseases as well as inflammatory dis-
eases, vitiligo and several other clinical syndromes [10].
Defects in GTP-CH-I cause hyperphenylalaninemia [11]
and, very recently, analyses on a genetic level have
shown that dopa-responsive dystonia, a variant form of
parkinsonism, arises from genetic defects in the human
GTP-CH-I gene [12].
The de novo biosynthesis of BH 4 (Fig. 1) starts with GTP,
which is converted to dihydroneopterin triphosphate by
GTP-CH-I in a complex series of reaction steps. Dihydro-
neopterin triphosphate is then transformed to 6-pyruvoyl
tetrahydropterin by 6-pyruvoyl tetrahydropterin synthase
(E.C. 4.6.1.10) (PTPS). Finally, this intermediate is stereo-
specifically reduced to BH 4 by the NADPH-dependent
sepiapterin reductase (E.C. 1.1.1.153) [1].
GTP-CH-I is subject to genetic and post-translational
regulation mechanisms reflecting the important role of
BH4 biosynthesis. GTP-CH-I biosynthesis in lympho-
cytes is induced by cytokines [5]. In rat liver, it is con-
trolled by feedback inhibition via a BH4-mediated
complex formation with another protein, p35 [13]. Mul-
tiple mRNA forms of the enzyme have been detected in
human, rat and Drosophila melanogaster [14,15]. In
Drosophila, it has been shown that differential expression
of various forms of the enzyme occurs throughout devel-
opment and that these variant proteins differ in their
N-terminal domains.
GTP-CH-I has been characterized from a number of
sources including Escherichia coli [16] and several other
microorganisms [17], Drosophila [18], and rat [19] and
human [20] liver. Sequence information from bacterial,
insect and mammalian species [21-24] suggests that the
C-terminal part of cyclohydrolases has evolved conserva-
tively; for example, the C-terminal 120 residues of the
E. coli and human enzymes show 66% sequence homology.
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Fig. 1. Biosynthesis of tetrahydrobiopterin. The reaction catalyzed by GTP cyclohydrolase I involves release of the C8 atom of GTP as
formate, an Amadori rearrangement of the sugar moiety, and ring closure via a Schiff base reaction.
Isolation, recombinant expression and crystallization of
GTP-CH-I from E. coli has been reported [25]. Electron
microscopy on freeze-etched crystal surfaces, in
combination with X-ray crystallographic methods, has
shown that the active enzyme is a homodecameric
protein complex consisting of five-fold symmetric
pentameric subunits. This combination of techniques
has also revealed the approximate relative arrangement of
the decamers in the crystal cell (W Meining et al.,
unpublished data).
Recently, we determined the three-dimensional structure
of recombinant rat liver PTPS, the enzyme catalyzing the
second step in BH4 biosynthesis [26]. We report here the
X-ray crystal structure of GTP-CH-I, the enzyme cat-
alyzing the first step, from E. coli at 3.0 A resolution.
Results and discussion
Crystals of E. coli GTP-CH-I are obtained under various
conditions [27]. The crystal species used for the present
structure analysis is monoclinic with two decamers in the
asymmetric unit. The structure was solved by single iso-
morphous replacement (SIR) and averaging techniques.
Information about the packing arrangement obtained by
electron microscopy (W Meining et al., unpublished
data) was helpful in the initial stages of crystallography.
The refined model includes residues 3-24 and 29-217 of
the 221-residue sequence of E. coli GTP-CH-I.
Monomer structure
The GTP-CH-I monomer folds into an ota+-structure
[28] with a predominantly helical N-terminal part. An
antiparallel helix pair, composed of helix h2 (residues
32-49) and helix h3 (residues 62-72), is remote from the
main body of the molecule. The compact C-terminal
domain (residues 95-217) comprises a sequential four-
stranded antiparallel ,B-sheet including a 45-residue inser-
tion between ,-strands b2 and b3 which contains two
antiparallel helices (h4 and h5) forming a layer on one
side of the -sheet. The C terminus is formed by a
three-turn or-helix, positioned on the other side of the
B-sheet. The N-terminal helix, hl (residues 5-17), lies
on top of helices h4 and h5 (Fig. 2).
Fig. 2. The GTP-CH-I monomer. (a) Ribbon-type representation of the secondary-structure elements. The N terminus is to the right in
this view of the molecule and the C terminus is hidden behind the -sheet. Secondary-structure elements are colour coded (a-helices
yellow, ,b-strands red and loop regions blue). (b) Stereo-plot with every 20th Ca atom labelled.
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Pentamer structure
Five monomers associate in a highly symmetrical fashion
along their 1-sheets to form a 20-stranded antiparallel
3-barrel with a diameter of 35 A (Fig. 3). The N-termi-
nal 3-strand (bl) of one monomer thereby forms a
hydrogen-bond ladder with the C-terminal 13-strand (b4)
of the neighbouring monomer. Within the pentamer,
further interactions are mediated by two extended loop
regions on the second monomer (residues 85-95 and
130-140) that interlock with a groove in the first
monomer. The central cavity of the 13-barrel is occupied
by the C-terminal helices from each monomer, which
form a parallel helix bundle with a diameter of -15 A
between the helix centres. The pentamer has the overall
shape of a crab with five 'legs' composed of the N-termi-
nal helix pairs of the individual monomers (see Fig. 3b).
Decamer structure
The GTP-CH-I decamer is formed by face-to-face
association of two pentamers. The 'legs' of one pen-
tamer clasp the 'body' of the other, that is, the anti-
parallel helices h2 and h3 on one monomer are
intertwined with those of another monomer, wedged
into the cleft between the helix pair and the C-terminal
domain. Because the arrangement of the two five-fold
symmetric pentamers follows a two-fold symmetry, the
decamer has perfect D particle symmetry and is
toroidal, with an approximate height of 65 A and a
diameter of 100 A (Fig. 4). It encloses a cavity of
dimensions 30 Ax 30 Ax 15 A which is accessible
through the pores formed by the five helix bundles in
the centre of the pentamers, but has no openings at the
decamer equator. This cavity is partially occupied by
the four C-terminal residues Arg218, His219, His220
and Asn221, which are not defined in the electron
density and are probably disordered.
Inspection of the buried surface area within a decamer
shows that the most extensive interactions are made
between two monomers on different pentamers across
the dyad axis. Apart from a hydrophobic cluster enclosed
by the helix pairs, there are numerous two-fold symmet-
ric hydrogen bonds and salt bridges, which serve to stabi-
lize the complex. It has been shown that the decamer can
be dissociated into dimers under high salt conditions
[16], in line with the observations made here. Reassocia-
tion occurs upon addition of GTP, suggesting that the
active site is at the interface of two dimers in the active
enzyme complex.
The sequence homology between bacterial and mam-
malian cyclohydrolases suggests that their tertiary and
quaternary structures are very similar. The greater
sequence variability of the N-terminal domain probably
has no consequences for oligomerization as it is located
at the decamer periphery.
Fig. 3. The GTP-CH-I pentamer.
(a) View of the pentamer along the
five-fold symmetry axis. The individual
monomers are shown in different
colours. The centre of the structure con-
sists of the C-terminal helices of the
monomers which line a narrow pore of
roughly 5-12 A diameter. (b) Stereo-
view of the pentamer in a Ca represen-
tation perpendicular to the five-fold
symmetry axis. The antiparallel helix
pairs of the individual subunits are
remote from the compact C-terminal
domain involved in pentamerization.
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mode of association is used in GTP-CH-I for the forma-
tion of the 20-stranded 3-barrel. To accomplish this bar-
rel formation, the 3-sheets in the respective monomers
exhibit a distinctly different twist to fill a 1200 (in PTPS)
or a 720 (in GTP-CH-I) sector of the barrel.
Fig. 4. Side view of the GTP-CH-I decamer showing the pen-
tamer surfaces in different colours. Tight contacts are made by
pairs of subunits between pentamers by intercalation of their
helical domains.
Comparison with 6-pyruvoyl tetrahydropterin synthase
The structure of the C-terminal domain of GTP-CH-I
(residues 95-200) is topologically identical to PTPS
(Fig. 5). In the latter, this single domain comprises 140
residues. A structural alignment of identically positioned
amino acids in the four -strands and the two ot-helices,
h4 and h5, results in a root mean square (rms) fit between
Cot-atom positions of 1.9 A for 71 Ca atoms. Whereas
the secondary-structure elements are strictly conserved
between the two protein folds, three insertions and one
deletion become apparent upon superposition of PTPS
onto GTP-CH-I. Prolonged loop regions occur in PTPS
between the first two 3-strands, between b2 and h4, and
between the two helices. In GTP-CH-I, b3 and b4 are
connected by a 15-residue loop which is a tight turn in
PTPS. Significant sequence homology between the two
proteins cannot be recognized even after a topological
alignment, with the exception of a few residues that are
probably involved in purine and pterin binding (see
below). The structural similarity of the two proteins
extends beyond the level of tertiary structure. In PTPS,
hydrogen bonding between three four-stranded 3-sheets
of neighbouring monomers leads to an assembly with a
12-stranded antiparallel 3-barrel at its core. The same
Active-site structure
This topological similarity to PTPS also provides a clue to
the location of the active site in GTP-CH-I. A rather nar-
row pocket is found at the interface of three monomers
(two from within one pentamer, A and A', one from the
other pentamer, B) which is formed by residues 110-113,
150-153 and 179-185 (from A), 87-89 and 131-139
(from A') and Arg65 and Lys68 (from B). In place of a
metal-binding site in PTPS there is a disulphide bridge
between CysllO and Cysl81 in GTP-CH-I. The inner
wall of the pocket is composed of hydrophobic residues
Val50 (from A) and Leu134 (from A') and by His179
(from A). The structure is stabilized by a salt bridge
between Arg153 and Glull - two residues that are in
absolutely conserved sequence patches.
A cluster of basic residues at the entrance to the active
site could serve to bind the triphosphate moiety of the
substrate (GTP) and the product (dihydroneopterin
triphosphate) (Fig. 6). Indeed, in an Fo-F c difference
electron-density map computed after the entire protein
model was built and used for phasing, we found a
strong positive peak close to Lys136, Arg139 and
Arg185 which is probably an orthophosphate moiety
bound to the protein.
Furthermore, we have obtained X-ray data for a complex
of GTP-CH-I with dGTP (data not shown) which
shows the putative GTP-binding mode. At the bottom of
the active-site pocket, a strictly conserved glutamate
residue is found (Glu152), positioned at the N-terminal
end of an Ca-helix, which serves as a binding site for the
pyrimidine moiety of GTP through formation of a salt
bridge to its guanidino group. The C4 oxo-function is
hydrogen bonded to the neighbouring main-chain amide
NH. Glu107 in PTPS serves an analogous function as an
acceptor site. The structural homology between the
C-terminal domain of GTP-CH-I and PTPS therefore
Fig. 5. Stereo superposition of the Ca
traces of the C-terminal domain
(residues 96-200) of GTP-CH-I (yellow)
and 6-pyruvoyl tetrahydropterin syn-
thase (PTPS) (blue)' The fit between
most atoms of both C-terminal 3-strands
and helix h5 (GTP-CH-I numbering) is
perfect. Significant deviations occur in
the N-terminal part of the domain
(1-strands bl and b2 and a-helix h4)
where the distinct sheet twists become
apparent.
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Fig. 6. Atomic structure of the putative
active site of GTP-CH-I. A narrow pocket
is enclosed by residues from three adja-
cent monomers. At the bottom of the
pocket, Glu152 and the neighbouring
main-chain amide NH serve as the
acceptor site for the pyrimidine moiety of
GTP. The disulphide bridge is flanked by
three histidine residues (His112, Hisl13
and His179) that may be involved in
catalysis. Basic residues at the entrance
to the cavity bind an orthophosphate
group and may bind the y-phosphate of
the GTP triphosphate during catalysis.
suggests that this topology has been conserved to facili-
tate purine or pterin binding and modification.
oxygen and Fe(II), which is consistent with the proposed
involvement of the disulphide bond in catalysis [33].
The GTP-binding site found in GTP-CH-I is novel and
differs from the generalized GTP-binding motif of G pro-
teins. However, GTP-CH-I shares with G proteins a sim-
ilar acceptor site for the pyrimidine functional group [29].
Because of the D5 symmetry, there are 10 equivalent
active sites per decamer. The minimum distance between
these centres is 16 A within a dimer. Kinetic studies on
the enzyme from rat liver suggested that enzyme catalysis
is subject to positive cooperativity. This was not observed
for the E. coli enzyme [16]. The present structure of the
'resting' enzyme does not immediately suggest a mecha-
nism for the phenomenon observed in the mammalian
enzyme. The structural basis for the observed kinetic
behaviour will have to await the structure analysis of one
of the mammalian enzymes and of complexes of a
GTP-CH-I with substrate and inhibitors.
The catalytic mechanism
The proposed catalytic mechanism of GTP-CH-I
involves hydrolysis of the purine ring, requiring sequen-
tial cleavage of the N9-C8 bond and the N7-C8 bond in
the N-formyl pyrimidine intermediate, with the release
of C8 as formate [30,31]. An Amadori rearrangement of
the ribose moiety could result in an intermediate with a
C1' methylene and a C2' keto function which then
would cyclize to the pterin ring system. The hydrolysis
reactions, as well as the Amadori rearrangement, require
acid-base chemistry only [32].
Residues which might be involved in catalysis are
Hisll2, Hisll13 and His179 (Fig. 6). Hisll2 is correctly
placed for protonation of the ring oxygen of the ribose
and might therefore initiate the rearrangement reaction.
However, the presence of the cystine 110-181 in the
active site of the cytosolic protein GTP-CH-I and, as
inferred from the dGTP complex structure, its proximity
to the imidazole portion of GTP are intriguing and could
indicate an involvement of a cystine or a cysteine-thiol
nucleophile in the ring hydrolysis step, for example, via a
thiol/disulphide exchange prior to catalysis. In vitro,
purine rings are very stable towards hydrolysis. Circum-
stantial evidence exists that chemical hydrolysis of GTP
can be induced in the presence of mercaptoethanol,
Biological implications
Tetrahydrofolic acid and tetrahydrobiopterin are
pteridines with important biological roles. The
former serves as an enzyme cofactor in amino
acid and purine biosynthesis, the latter is used as
a cofactor in amino acid hydroxylation and in
nitric oxide synthesis. Thus, both compounds are
of clinical importance, for example, in cancer
therapy and for treatment of neurological disor-
ders. GTP cyclohydrolase I (GTP-CH-I) catalyzes
the conversion of GTP into dihydroneopterin
triphosphate. In bacteria, this intermediate enters
the folic acid biosynthetic pathway. Vertebrates
have lost the ability to synthesize folic acid and
use this reaction as the initial step in tetra-
hydrobiopterin synthesis. Despite these distinct
roles, bacterial and mammalian GTP cyclohydro-
lases I exhibit an extraordinarily high degree of
sequence homology.
In order to gain insight into the molecular pro-
cesses underlying pterin biosynthesis, we initiated
a crystallographic program to study the three-
dimensional structures of the. participating
enzymes. Recently, we showed that 6-pyruvoyl
tetrahydropterin synthase (PTPS), the enzyme
catalyzing the second step in tetrahydrobiopterin
biosynthesis, is a homohexameric complex with
unusual structural features. Oligomerization of
subunits into trimers is facilitated by a three-fold
symmetric arrangement resulting in the forma-
tion of a 12-stranded antiparallel 0-barrel' enclos-
ing a highly positively charged pore.
Here, we describe the atomic structure of GTP-
CH-I from Escherichia coli. The enzyme is a
homodecameric complex of 250 kD, a dimer of
pentamers, with overall dimensions of 65 A x 100A.
Despite the lack of sequence homology with
PTPS, the C-terminal domain of a GTP-CH-I
subunit is topologically identical to the PTPS sub-
unit. In GTP-CH-I, pentamerization leads to the
formation of a 20-stranded antiparallel ft-barrel.
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The active site is positioned at the interface of
three subunits and consists of a novel GTP-binding
site, which differs from the general binding motif
of G proteins, and a catalytic apparatus that impli-
cates three histidines and, possibly, a cystine in the
reaction mechanism.
Because of the high degree of sequence homology
between cyclohydrolases, the structures of the
mammalian enzymes are probably very similar to
the presented bacterial enzyme structure. Thus, it
should be possible to gain a molecular understand-
ing of the causes of genetic diseases associated
with GTP-CH-I, such as Dystonia-Parkinson syn-
drome, by mapping the genetic lesions from
patients to sites on the three-dimensional structure
of the human enzyme obtained either experimen-
tally or by homology modelling.
Furthermore, in combination with mutational
analysis of the putative components of enzyme
catalysis presented here, the three-dimensional
structure of the E. coli GTP-CH-I provides a firm
basis for gaining a detailed understanding of the
enzymatic reaction mechanism. Finally, the infor-
mation obtained in this study should aid in the
interpretation of the complex biochemical regula-
tion of tetrahydrobiopterin biosynthesis.
Materials and methods
Crystallization
GTP-CH-I was homologously overexpressed in E. coli and
isolated and crystallized as previously described [25]. Briefly,
the protein was purified by ion-exchange or affinity chro-
matography, dialyzed against 20 mM K,Na-phosphate, 5 mM
EDTA, pH 7 and crystallized by vapour diffusion against
0.5 M Na-citrate, pH 7.4. The monoclinic crystals are of space
group P21 with lattice constants a=204.2 A, b=210.4 A,
c=71.8 A, 13=95.8. The crystals diffract to better than 3.0 A
resolution. Assuming two decamers in the asymmetric unit, the
packing coefficient is 3.1 A3 Da 1.
Data collection and phasing
X-ray intensity data for GTP-CH-I crystals were measured on
a FAST area detector system (Enraf-Nonius, Delft) and on an
imaging plate system (MAR Research, Hamburg) both
mounted on a Rigaku RU200 rotating anode. For the SIR
analysis, a native data set and a Ta6Brl 4 derivative data set were
collected from one crystal specimen to a resolution of 6.0 A
on the FAST system. This strategy was employed because of a
slight but significant non-isomorphism of the native protein
crystals. A 3.0 A resolution data set was obtained from a differ-
ent crystal measured on the imaging plate. FAST data were
scaled and reduced with MADNES and ABSCOR [34,35].
Imaging plate data were processed with MOSFLM [36] and
programs from the CCP4 suite [37]. All further crystallo-
graphic computing was performed with PROTEIN [38].
Heavy-atom positions were determined from difference Patter-
son functions and refined. Data collection and SIR phasing
statistics are summarized in Table 1.
Molecular averaging
The orientations of the particle five-fold axes of the two
decamers per asymmetric unit were found using Patterson
space self-rotation functions. They are oriented along
(t*=900°,=84° ) and (=90 0°,q=96), that is, both are parallel
to the ac plane and inclined at either +60 or -6° to the normal
onto the ab plane.
The heavy-atom model of the SIR analysis, in conjunction
with results obtained by freeze-fracture electron microscopy on
the ab crystal plane, suggested that one Ta6Brl 4 cluster bound
in the centre of each of the four GTP-CH-I pentamers in the
asymmetric unit. The vectors between two cluster-binding
sites thus gave a crude estimate of the orientation and position
of the two particle five-fold symmetry axes.
The exact location and orientation of the local symmetry axes
was computed using the SIR map by direct space rotation and
translation searches. The position and orientation of the particle
five-fold axes were alternately varied in steps of 0.1 A and 0.10
and the correlation coefficient optimized using the solvent flat-
tened SIR electron density computed on a 1 A grid. The elec-
tron-density map was then five-fold cyclically averaged using
MAIN [39]. At this stage, no use was made of the particle
two-fold axes nor of the identity between the two decamers in
the asymmetric unit. The correlation coefficient for the local
two-fold axes was used as a control over the progress of the
averaging procedure (correlation R-factor: Rstart=2 9%,
Rend=53 %; averaging R-factor: Rstart= 43 %, Rend=25%).
The averaged decamer electron density was used to refine the
position and orientation of the two particles in the asymmetric
unit against the second data set using AMoRe [40]. This proc-
edure was followed because the local symmetry operators,
obtained as above, did not lead to convergence in the averag-
ing and phase-extension protocol using the higher-resolution
data set collected from the second native crystal. A general
Table 1. Data collection statistics.
No. of Unique Resolution Completeness (%) Phasing power Figure of merit
Derivative measurements reflections (A) overall/last shell RM+ RF* No. of sites (20.0-6.0 A) (20.0-6.0 A)
NATI (FAST) 23487 10022 6.0 60/30 10.3 4.0
TABR* 21 933 9599 6.0 56/16 11.6 4.4 4 1.84 0.52
NATI (IP) 209458 111 785 3.0 93/84 9.9 5.6
*Derivative soaking conditions: 5mM Ta6Br15 for 30min. tRM=Yllh-<lh>I/E<lh>. RF is RM after independent averaging of Friedel pairs. §Phasing
power: <FH>/E, where <FH>=y4(fh2/n) is the root mean square heavy-atom structure-factor amplitude, E =Yl[(FpHC-FpH)2/nl is the residual lack-of-
closure error with FPH being the structure-factor amplitude and FpHC=F+fH, the calculated structure factor of the derivative.
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molecular replacement procedure then confirmed the prev-
iously obtained decamer arrangement. In addition, the
least-squares fitting procedure in AMoRe yielded new and
improved centres of gravity and orientations of the two
decamers in the asymmetric unit.
Model building and refinement
With an improved envelope derived from a skeletonized
model of the averaged map and the refined local symmetry
operators, it was possible to extend phases from 6.0 A to
3.3 A by a cyclic averaging procedure, again using just the
five-fold symmetry information. The atomic model of a
GTP-CH-I monomer could be built unambiguously into the
3.3 A electron density with O [41]. The two independent
decamers were constructed using the local symmetry informa-
tion. Conventional refinement using X-PLOR version 3.1
[42] resulted in a model with R=18.9% for 98% of the data
between 6.0 A and 3.0 A. The current model consists of
residues 3-24 and 29-217, 15 water molecules and one
orthophosphate per monomer. The two N-terminal residues,
the four C-terminal residues and a short loop comprising
residues 25-28 are not defined in the electron density, proba-
bly due to dynamic disorder. All residues have main-chain
dihedral angles in allowed regions of the Ramachandran plot.
The B-factors were refined individually with restraints on
bonded and angle-related atoms and additional restraints based
on the non-crystallographic symmetry (Bav= 27 .2 A2, rms
Bbonded= 4 .4 A2). The rms deviations from standard values of
bond length and angles are 0.008 A and 1.590, respectively.
The 20 monomers per asymmetric unit were kept nearly iden-
tical during refinement, allowing an rms deviation of atomic
positions of only 0.07 A. Likewise, the two decamers appear
to be identical in terms of their particle symmetry elements.
We have deposited the coordinates of E. coli GTP-CH-I in the
Brookhaven Protein Data Bank.
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